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Abstract: The effect of Mn3O4 addition on microhardness, microstructure and electrical properties of
vanadium oxide doped zinc oxide varistor ceramics is systematically investigated. The Vicker’s
microhardness HV has decreased with increasing the amount of Mn3O4. Also, the average grain size
has decreased from 27.51 μm to 19.55 μm with increasing the amount of Mn3O4 up to 0.50 mol%,
whereas an increase in Mn3O4 up to 0.75 mol% has caused the average grain size to increase and then
it decreases with increasing Mn3O4 from 0.75 mol% to 1.00 mol%. The sintered density has decreased
from 5.38 g/cm3 to 5.31 g/cm3 with increasing the amount of Mn3O4. The varistor ceramic modified
with 0.50 mol% Mn3O4 has exhibited excellent nonlinear properties, with 16.29 for the nonlinear
coefficient and 441.9 μA/cm2 for the leakage current density. Furthermore, the sample doped with
0.50 mol% Mn3O4 has been found to possess donor density as 0.77×1018 cm3 and 0.916 eV barrier
height.
Keywords: ceramics; electrical properties; microstructure; varistor; Mn3O4 doped ZnO–V2O5
varistor

1 Introduction
ZnO based varistors are semiconducting ceramic
devices exhibiting nonlinear symmetrical current–
voltage (I–V) or current density–electric field (J–E)
characteristics for both voltage polarities [1]. This is
due to the presence of inter-granular layers with high
resistance between ZnO grains having low resistance
and Schottky barrier arising due to the surface states
caused by the dopants. Such behaviors enable them to
absorb large amount of energy. Consequently, they
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have been extensively used for protecting electronic
circuits, against voltage surges and for the voltage
stabilization of electrical power lines.
The I–V characteristic relation is expressed as [1]:
I = KVα
where K is a constant and α is the nonlinear coefficient
related to the material’s microstructure. Besides the
above coefficient, there are two other parameters, the
breakdown voltage VB and the leakage current IL. The
breakdown voltage is calculated by the simple equation
[2,3]:
VB = Ngb × Vgb = (t/D)Vgb
where Ngb is the number of grain boundaries across the
varistor’s thickness t; D is the average grain size; and
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Vgb is the average voltage per grain boundary (≈ 3 V).
Also, in terms of the current density J and the
applied electric field E, the above I–V relation is
rewritten as
J = (E/C)α
where C is a constant. Then the breakdown field EB =
Vgb/D [3] is usually taken as the field applied when the
current flowing through the varistor is 1 mA [4]. Since
the grain boundary barriers in the ZnO based varistors
are of Schottky type, the current density J in the first
ohmic region of varistor characteristics is related to the
electric field E at a given absolute temperature T by the
equation [5,6]:
J = AT2exp[(βE1/2 – φB)/(kT)]
where A = 4ρemk2/h3 is the Richardson’s constant; ρ is
the varistor density; e is the electron charge; m is the
electron mass; k is the Boltzmann constant; h is the
Plank’s constant; β is a constant related to the grain
number per unit length and the barrier width ω; and φB
is the Schottky barrier height formed on the grain
surfaces and arises due to the surface states caused by
the dopants. Therefore, the electrical conductivity σ of
ZnO varistors could be calculated from the slopes of
the J–E curves in the first and third ohmic regions,
while in the second nonlinear region where the current
strongly increases due to the decrease of φB, the
conductivity is given by [7]:
σ2 = σ1exp[(α–1)(E2–E1)/E2]
where σ1 is the conductivity corresponding to the first
ohmic region; σ2 is the conductivity of the second
region; and E1 and E2 are two values on the linear part
of the breakdown region.
The effects of doping ZnO based ceramics with few
mole percentages of different oxides of some metals,
e.g., Bi, Sb, Co, Mn, Ni, Cr, Al and Fe, have been
investigated by several authors [8–16]. Reported
results of those studies show that the important
physical properties mentioned above are closely
related to the compositions and microstructures, i.e.,
they are dependent on density, grain size, morphology,
distribution of any secondary phases and porosity.
Therefore, by controlling these parameters, the
nonlinear coefficient and breakdown field values could
be improved in order to obtain the required electrical
performance. Also, each of the above dopants plays a
distinctive role in the subtle tuning of the final
nonlinear characteristics of the varistor ceramics, while
the overall electrical characteristics are resulted from
the collective effect of all the microstructural features.
Multilayer chip ceramic products require that the
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inner-electrode materials should have their melting
points (MP) relatively higher than the sintering
temperature of their components [17–19]. Therefore,
new ceramics are developed where a silver
inner-electrode (MP = 961 ℃) can be used for making
multilayer components which have their sintering
temperatures around 900 ℃. Among those products,
the binary system ZnO–V2O5 has become a good
candidate [17,20–24], since it can be sintered at a
temperature in the vicinity of about 900 ℃ which is
important for multilayer chip applications due to its
ease of co-firing (sintering) with silver inner-electrode
without using expensive palladium or platinum metals
as electrode materials. However, effects of adding
some different metal oxides and rare earths to the
binary system ZnO–V2O5 on the electrical properties
have been investigated by several authors, e.g., Mn
ions [25], Mn3O4 and Nb2O5 [26], Mn3O4 and Er2O3
[27], MnO2–Er2O3 and Nb2O5 [28,29], MnO2–Nb2O5
and Bi2O3 [30], and MnO2 [31,32]. The reported results
of these works are dealt with the effects of different
doping or the effects of sintering temperature on the
microstructure, nonlinear and conduction behaviors of
tested ceramics.
The present work is aimed to investigate and throw
more lights on the microstructure and electrical
properties of xMn3O4–0.5V2O5–(99.5–x)ZnO (ZVM)
ceramics, where x = 0, 0.15, 0.30, 0.50, 0.75 and
1.00 mol%, as prepared by the conventional ceramic
method and sintered at 900 ℃ for 5 h. Besides, X-ray
diffraction, scanning electron microscopy and energy
dispersive X-ray analyses have been used to
characterize the prepared ceramics.

2 Experimental
Reagent-grade raw materials of ZnO, V2O5 and Mn3O4
were used for preparing ZnO based ceramics by solid
state reaction technique according to the formula
xMn3O4–0.5V2O5–(99.5–x)ZnO, where x = 0, 0.15,
0.30, 0.50, 0.75 and 1.00 mol%. Weighed raw
materials were mixed by ball-milling in exist of
acetone for 28 h. The mixture was dried at 120 ℃ for
12 h. The dried mixture was milled using an agate
mortar and after 0.8 wt% polyvinyl alcohol binder
addition for 3 h. The powder was uniaxially pressed
into discs of 12 mm in diameter and 1.5 mm in
thickness at a pressure of 9500 psi. The discs were put
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Almelo, the Netherlands) with Cu Kα radiation.

3

Results and discussion

3. 1

Microstructure investigations

3.1.1 Density and microhardness
Figure 1 shows the compositional dependences of both
the sintered density ρ and the Vicker’s microhardness
HV of xMn3O4–0.5V2O5–(99.5–x)ZnO ceramics
sintered at 900 ℃ for 5 h, where x changes from 0 to
1.00 mol%. This figure reveals that ρ and HV are
rapidly decreased with increasing the Mn3O4 content
up to 0.15 mol%. Then, the density continues its
decreasing up to 0.50 mol% of Mn3O4, while beyond
this content it decreases slowly with the gradual
increase of Mn3O4 up to 1.00 mol%. HV has also
slowly decreased as x increases from 0.15 mol% to
1.00 mol%, the end of tested range. Typical average
results for both ρ and HV are listed in Table 1. The
obtained values for ρ in Table 1 are comparable with
those reported for the same materials [17]. The above
dependences of both ρ and HV on the mole percentage
of Mn3O4 content can be interpreted as follows.
Although gradual replacement of ZnO (molecular
weight 81.369) by the same amount of Mn3O4
(molecular weight 228.812) in the ZnO based varistor
matrix is supposed to increase the molecular weight of
prepared samples, the bulk density is decreased all
over the tested range as seen in Fig. 1. Also, it is
ρ
Hv

Hv (MPa)

Density, ρ (g/cm3)

in porcelain crucible and sintered at 900 ℃ in air for
5 h, and then the furnace was cooled to room
temperature. The sintered samples were lapped and
polished to 1.0 mm thickness. Silver paste was coated
on both surfaces of the samples, and the ohmic
contacts were formed by heating at 300 ℃ for 5 min.
At first, both the sintered density and the Vicker’s
microhardness HV were measured at room temperature
27 ℃. The density ρ was determined by the
Archimedes method with toluene as immersing liquid,
while HV was found by using a microhardness tester
(HMV-2, Ver. 1.28, Shimatzu, Japan) where each
sample was loaded at force equal to 4.902 N for 30 s
and then HV was estimated according to the relation
HV = 0.1891P/d2, where P is the load applied and d is
the diagonal length of indenter impression.
The
current
density–electric
field
(J–E)
characteristics of the samples were recorded at room
temperature. An electric circuit composed from a
500 V DC Gelman power supply (Model: 38207 ANN
ARBOR, MICH., USA 48106), a digital multi-meter
(GW Digital Multimeter Model: GDM-8034) and an
auto ranging microvolt (Model: 197A DMM-Keithley)
was used to measure the current passing through and
voltage across the sample. The breakdown field (EB)
was measured at a current density of 1.0 mA/cm2, and
the leakage current density (JL) was measured at
0.80EB. In addition, the non-ohmic coefficient (α) was
determined from the current–voltage curve plotted on a
log–log scale, from which the slope of the curve gives
the value α [8].
Also, for doing microstructure investigations, both
surfaces of the samples were lapped and ground with
SiC paper and polished with 0.3 μm Al2O3 powder to
mirror-like surfaces. The polished samples were
chemically etched using 1HCl:1000H2O for 40 s and
then coated with gold. The surface microstructure was
then examined by a scanning electron microscope
(SEM, JEOL, JSM5410, Japan). The average grain size
(D) was determined by the linear intercept method
using the expression D = 1.56L/(MN) [33], where L is
the random line length on the micrograph; M is the
magnification of the micrograph; and N is the number
of the grain boundaries intercepted by lines. The
compositional elemental analysis of the selected areas
on micrographs was determined by an attached energy
dispersive X-ray analysis (EDX) system. The
crystalline phases were identified by powder X-ray
diffraction (XRD, X’pert-PRO MPD, Analytical,
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(mol%)

Fig. 1 Compositional dependences of the sintered
density ρ and the Vicker’s microhardness HV of
xMn3O4–0.5V2O5–(99.5–x)ZnO ceramics sintered at
900 ℃ for 5 h, where x changes from 0 to 1.00 mol%.
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Table 1 Average calculated values of density ρ,
Vicker’s microhardness HV, molar volume V and
grain size D as found from both XRD and SEM results
Average Average
Molar
grain size grain size
x (mol%) ρ (g/cm ) HV (MPa) volume
(XRD) D (SEM) D
V (cm3/mol)
(nm)
(µm)
0.00
5.379
17.726
15.224
34.502 27.513
0.15
5.359
13.209
15.324
31.110 21.303
0.30
5.347
12.456
15.399
29.002 20.458
0.50
5.329
11.212
15.506
27.211 19.545
0.75
5.316
10.440
15.613
34.129 24.982
1.00
5.310
9.799
15.700
30.510 23.670
3

known that the density equals the molecular weight
divided by the molar volume. This volume which
increases due to the weak connectivity of the ceramic
structure results in a decrease in microhardness of the
varistor ceramics with increasing the Mn3O4 content
(Table 1) in addition to the formation of some pores in
the ZnO polycrystalline grains of varistor matrix by
sintering at high temperature 900 ℃ (as will be seen in
the SEM micrographs in Fig. 3). Thus, the observed
decrease in density could be attributed analogously to
an increase in the molar volume and the obtained
decrease in microhardness due to the weakness of the
structural connectivity and coupling between the ZnO
grains [13]. On the other hand, it has been assumed
that the decrease of sintered density is attributed to the
volatility of V species for V2O5 with low melting point
690 ℃ [28].
3.1.2 XRD analysis
Figure 2 shows the dependence of XRD patterns of
tested varistors on the mole percentage of Mn3O4
content. As indicated in Fig. 2, the observed diffraction
graphs for all tested samples confirm the presence of
the wurtzite hexagonal structure of the main ZnO
primary phase. All diffraction peaks corresponding to
this phase are indexed according to their reflection
planes of polycrystalline Miler orientations (100), (002)
and (101) [7,13,34] as indicated in Fig. 2 with (101)
index having the high-intensity major peak. Besides,
there are some secondary phases, such as Zn3(VO4)2
appeared as a result of the presence of ZnO–V2O5
which acts as a liquid phase sintering aid for the
formation of it [17,27–30] and Mn-rich Mn3O4 (for
samples with x = 0.75 mol% and x = 1.00 mol%)
[25,30]. The average crystallite size D is calculated in
terms of X-ray line broadening at full width half
maximum (FWHM) by using Scherer’s equation
[7,13,24] for all tested samples and the average values
are summarized in Table 1.

Intensity (a.u.)
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Diffraction angle, 2θ (°)

Fig. 2 Dependence of XRD patterns of tested
ceramic varistors on the mole percentage of Mn3O4
content.

3.1.3 SEM and EDX analyses
Figure 3 shows the SEM micrographs of the samples
with different amounts of Mn3O4 (x from 0 to
1.00 mol%). Inspection of this figure reveals the
occurrence of ZnO major phase of large grains, and
other different minor phases with small grains disperse
randomly in the former major one such as Zn3(VO4)2
and Mn-rich Mn3O4 in addition to some pores (black
regions), in agreement with Refs. [17,20] and the
above XRD results (Fig. 2). Observed grains are of
different sizes and are randomly distributed throughout
the samples. The average value of grain size D of
observed grains was calculated for all specimens
according to the equation [33], and the typical average
values are listed in Table1. This table indicates that the
values of D, even found from either XRD or SEM,
have similarly changed with the gradual doping of
Mn3O4, in which D values decrease from 34.502 nm to
27.211 nm (XRD) and from 27.513 μm to 19.545 μm
(SEM) with increasing the content of Mn3O4 from 0 up
to 0.50 mol%. Then they increase up to 34.129 nm
(XRD) and 24.982 μm (SEM) upon increasing the
Mn3O4 content to 0.75 mol%, and finally a slight
decrease is observed in both D values to 30.510 nm
(XRD) and 23.670 μm (SEM) with increasing the
content of Mn3O4 to 1.00 mol%, the end of tested
range.
Figure 4 shows the EDX analyses for the ceramic
varistors with x = 0.15, 0.50 and 1.00 mol% of Mn3O4
at the interior of ZnO grain as well as on the grain
boundary. Within EDX detection limit, all figures show
the existence of elements V, Mn and Zn both at the
interior of ZnO grain and on the grain boundary, which
indicates that both V and Mn species are dissolved in
ZnO grains and reside on their boundaries as well. This
will prove their effects on the electrical parameters as
will be seen in the Section 3.2.2.
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Fig. 3 SEM micrographs of xMn3O4–0.5V2O5–(99.5–x)ZnO samples: (a) x = 0.00 mol%, (b) x = 0.15 mol%, (c)
x = 0.30 mol%, (d) x = 0.50 mol%, (e) x = 0.75 mol% and (f) x = 1.00 mol%.
grain

grain

grain

Energy (keV)

grain

grain

grain

Energy (keV)

Fig. 4 EDX analyses for the ceramic varistors with x = 0.15, 0.50 and 1.00 mol% of Mn3O4 at the interior of ZnO
grain ((a), (c) and (e)) and on the grain boundary ((b), (d) and (f)).
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3. 2

Electrical characterization

3.2.1

Current density–electric field (J–E)
characteristics
Figure 5 shows the compositional dependence of the
current density–electric field (J–E) characteristics of
xMn3O4–0.5V2O5–(99.5–x)ZnO ceramics prepared by
solid state reaction technique and sintered at 900 ℃ for
5 h, where x = 0, 0.15, 0.30, 0.50, 0.75 and 1.00 mol%.
Inspection of Fig. 5 reveals that the varistor properties
are basically characterized by non-ohmicity in all
obtained J–E plots and each plot is divided into two
regions, an ohmic region before the breakdown and a
non-ohmic one after the breakdown with some overlap
between them. However, the sharper the knee of the
curves between the two regions is, the better the
nonlinear properties are. Also, it can be noted from Fig.
5 that the plot corresponding to the un-doped sample

(x = 0 mol% of Mn3O4) shows very poor non-ohmic
properties, but with increasing the Mn3O4 content, in
other tested samples up to 0.50 mol%, the knee
gradually becomes more pronounced and the
non-ohmic properties are enhanced where the
breakdown electric field EB increases, and after the
above content of Mn3O4, the J–E characteristics show
an overlap with more doping up to 1.00 mol%, which
again results in a decrease in the breakdown field as
seen in Fig. 5.
Using the J–E characteristics of Fig. 5, the
breakdown electric field EB, nonlinear coefficient α,
leakage current density JL, barrier height φB, donor
concentration Nd, density of states Ns, barrier width ω
and non-ohmic conductivity σ are calculated and their
typical average values are summarized in Table 2.
3.2.2 Breakdown field and grain size
The compositional dependences of both the breakdown
field EB and average grain size D are shown in Fig. 6.
From this figure, converse behaviors of changes are
observed for the two parameters, as functions of the
mole percentage of Mn3O4 content, i.e., EB has
increased and shows a peak value (1409 V/cm) at
0.50 mol% of Mn3O4, whereas D decreases and has a

Current density, J (mA/cm2)

It is worth mentioning that the comparison of the
compositional dependences of the grain size between
EDX results observed here and those reported [17] for
the same composition samples, indicates that the grain
size is only consistent with those reported results in the
x range from 0 to 0.50 mol% of Mn3O4 and differs
beyond this content, where the previous reported
results show that D is nearly constant in the range from
0.5 mol% to 2 mol% of Mn3O4 [17]. On the other hand,
EDX results of this work show the existence of both V
and Mn elements on the boundaries as well as in the
ZnO grain (Fig. 4), while it was reported that no V
spiece was found in the ZnO grains [17]. The above
differences in both results may be because the
preparation of specimens (grinding methods) and
sintering times in the two works are different (5 h here
and 3 h there), and only one specimen with x = 2 mol%
of Mn3O4 was presented there [17] for EDX analysis
while specimens with lower contents x = 0.15, 0.50 and
1.00 mol% of Mn3O4 are investigated in the present
work.

Electric field, E (V/cm)

Fig. 5
Compositional dependence of J–E
characteristics
of
tested
varistor
ceramics
xMn3O4–0.5V2O5–(99.5–x)ZnO, where x = 0, 0.15,
0.30, 0.50, 0.75 and 1.00 mol%.

Table 2 Average calculated values of the breakdown field EB, nonlinear coefficient α, leakage current
density JL, barrier height φB, donor concentration Nd, density of states Ns, barrier width ω and non-ohmic
conductivity σ
x (mol%) EB (V/cm)
0.00
0.15
0.30
0.50
0.75
1.00

118.30
229.10
493
1409
1138
1907

α

JL (mA/cm2)

φB (eV)

5.33
5.63
11.36
16.29
7.62
14.66

0.6611
0.7713
0.6026
0.4419
0.5844
0.5028

0.837
0.856
0.879
0.916
0.894
0.909

Nd (1018cm3) Ns (1012cm2)
1.13
0.88
0.83
0.77
0.20
0.16

2.98
2.71
2.62
2.57
1.30
1.18

Barrier width Non-ohmic conductivity
ω (nm)
σ (104(Ω·m)1)
26.40
89.30
30.66
5.33
31.52
3.28
33.47
0.18
64.74
0.38
72.51
0.09
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α

Nonlinear coefficient, α

Average grain size, D (μm)

Mn3O4 (mol%)

Leakage current, JL (mA/cm2)

JL

EB

Break down field, EB (V/cm)

D

Mn3O4 (mol%)

Fig. 6 Compositional dependences of both the
breakdown field EB and average grain size D of
xMn3O4–0.5V2O5–(99.5–x)ZnO ceramics.

Fig. 7 Variations of average values of the nonlinear
coefficient α and the leakage current density JL as
functions of mole percentage of Mn3O4 content.

trough value (19.545 μm), and vice versa is occurred
at 0.75 mol% of Mn3O4. On the other hand, on
increasing the mole percentage of Mn3O4 beyond
0.75 mol% up to 1.00 mol%, EB increases and D
decreases (Tables 1 and 2). This obtained behavior of
change of EB could be interpreted based on the changes
observed in the average value of grain size D, i.e., the
initial increase of EB with the increase of Mn3O4
content up to 0.50 mol% is owing to the increase in the
number of grain boundaries [17,26–30] which is
resulted from the corresponding decrease in the
average grain size and vice versa in the final part, the
rest of tested range up to 1.00 mol%.
3.2.3 Nonlinear coefficient and leakage current
density
Variations of the nonlinear coefficient α and the
leakage current density JL as functions of the mole
percentage of Mn3O4 content of tested ceramics are
shown in Fig. 7. Inspection of this figure reveals that α
increases from 5.33 for the un-doped sample to 16.29
reaching this maximum for that which doped with
0.50 mol% of Mn3O4, whereas further additions of
Mn3O4 have led α to decrease and reach the value of
7.62 at 0.75 mol% of Mn3O4 and then increase again to
14.66 at 1.00 mol% of Mn3O4 content. On the other
hand, JL value decreases from 0.6611 mA/cm2 with the
increase of Mn3O4 amount from x = 0 up to 0.50 mol%
reaching a minimum value, 0.4419 mA/cm2 at x =
0.50 mol%, whereas further additions of Mn3O4 have
led JL to increase to 0.5844 mA/cm2 at 0.75 mol% and
decrease to 0.5028 mA/cm2 at x = 1.00 mol% of Mn3O4
content to show an opposite behavior to that observed
for α. The behaviors of both the nonlinear coefficient α
and the leakage current density JL mentioned above are
related to the variation of the density of interface states

Ns at the grain boundaries, and subsequently they are
dependent on the Schottky barrier height φB according
to the variation of the concentration of electronic donor
states Nd (Table 2). It is worth mentioning that the
observed value of α = 16.29 for the ceramic doped with
0.50 mol% of Mn3O4 in this work is less than that
reported for the same ceramic which was 22.4 [17].
This is perhaps due to different conditions of
preparation and soaking time (5 h here and 3 h there)
in spite of the two works were done at the same
sintering temperature 900 ℃.
3.2.4 Barrier height and donor concentration
The donor concentration Nd and barrier height φB were
determined by using the grain boundary defect model
[5,6] defined previously in the introduction part of this
work as
J = AT2exp[(βE1/2 – φB)/(kT)]
where by considering the measured current
density–electric field values in the ohmic region for all
samples (Fig. 5), keeping the temperature constant (at
room temperature 27 ℃) and plotting lnJ versus E1/2,
the values of β and φB can be derived from the
obtained slopes and intersections of the extrapolated
regression lines with the lnJ axis, respectively. Also,
since [32,34]
β = [(1/(r*ω))(2e3/(4ε0εr))]1/2
*
where r is the number of grains per unit length (it
could be obtained from SEM micrographs (Fig. 3); ω
is the barrier width; e is the electron charge; ε0 is the
vacuum dielectric constant (8.85×1014 F/cm); and εr is
the relative dielectric constant (8.5 for ZnO), then Nd
can be deduced from the equation [35]:
ω2 = (2φBε0εr)/(e2Nd)
and thus the density of states Ns = Nd·ω [28] can also
be determined and typical values for these parameters
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are listed in Table 2. The variations of both the barrier
height and donor density with the mole percentage
of Mn3O4 content in tested varistors are shown in
Fig. 8.
The illustrated figure (Fig. 8) indicates that φB
increases from 0.837 eV to 0.916 eV by Mn3O4
addition up to 0.50 mol%, then decreases to 0.894 eV
with the gradual doping of Mn3O4 up to 0.75 mol%
and then increases to 0.909 eV at 1.00 mol% of Mn3O4
content. This behavior agrees with that one where it
has been reported that the incorporation of Mn3O4
above 0.50 mol% causes the electronic inactivity of
grain boundaries [17]. Anyhow, the nonlinear electrical
conductivity σ shows an opposite behavior to that
observed for the barrier height φB (Table 2). On the
other hand, the donor density Nd shows a decrease
from 1.13×1018 cm3 to 0.12×1018 cm3 with increasing
of Mn3O4 content from 0 to 1.00 mol%.
3.2.5 General discussion
In general, the above characterizations of physical
properties, density and microhardness in addition to
microstructural and electrical properties of the tested
xMn3O4–0.5V2O5–(99.5–x)ZnO ceramics, x changing
from 0 to 1.00 mol%, reveal that all investigated
properties are dependent on the ceramic composition
rather than the secondary phases, i.e., on the mole
percentage of Mn3O4 doping content, the different
measurements obtained from employed techniques in
this work show no monotonic behaviors of changes for
investigated properties. Anyhow, the effect on the
properties depends on the manner in which the Mn
ions enter the ZnO major matrix of the hexagonal
structure wurtzite phase. When Mn is dissolved in
these ZnO grains, it can behave as a deep donor [13]
φB

Barrier height, φB (eV)

Donor density, Nd (1018cm3)

Nd

Mn3O4 (mol%)

Fig. 8 Variations of the barrier height φB and the
donor density Nd with the mole percentage of
Mn3O4 content.

and depress the concentrations of the intrinsic donors
(oxygen vacancies). In this way, the conductivity,
mainly arising from ionization of intrinsic donors, is
lowered on doping up to 0.50 mol% of Mn3O4 content.
This helps to increase the nonlinear coefficient α and
the barrier height φB, and decrease the donor density
Nd and the conductivity σ (Figs. 7 and 8 and Table 2).
On the other hand, with increasing Mn content through
the interstitial positions, it can behave as an acceptor
and has its effect to decrease the nonlinear coefficient
and the height barrier φB as observed in the above
mentioned figures. Also, the behavior of nonlinear
coefficient α, in accordance with the incorporation of
mole percentage of Mn3O4, can be related to the
variation of the Schottky barrier height φB according to
the variation of the density of electronic states Ns, the
donor concentration Nd and the barrier width ω at the
grain boundaries (Table 2). The doping of Mn3O4 into
the ceramic matrix has decreased the density of
interface states Ns, donor concentration Nd and
increased the barrier width ω as seen in Table 2. It is
therefore believed that the decrease of donor
concentration Nd with the increase of Mn3O4 content is
associated with a decrease of partial pressure of
oxygen in the materials [17]. The variation in α with
further increase in Mn3O4 is attributed to the variation
of barrier height φB as observed in Table 2.
The ceramic microstructure has also been affected
by the incorporation of Mn3O4 into the ceramic matrix,
where obtained results show that the gradual
substitution of ZnO by the same amount of Mn3O4 up
to 0.50 mol% has led to:
(1) Decreasing the ceramic density and the Vicker’s
microhardness due to the produced increase in the
molar volume and the decrease in the connectivity of
the microstructure as well as weak coupling between
the ZnO grains, respectively (Fig. 1 and Table 1).
These results are consistent with SEM photographs
(Fig. 3) where the grains are not close together through
the weak link regions, i.e., the dark region (pores)
between them.
(2) Decreasing the average grain size D due to the
resulted increase in the number of grain boundaries
and hence the breakdown electric field EB is increased.
However, further increases in Mn3O4 content from
0.50 mol% to 0.75 mol% and from 0.75 mol% to
1.00 mol% has increased and decreased the average
grain size, respectively, to show their reverse behaviors
for the obtained breakdown electric field.
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Conclusions

Microstructure, sintered density, Vicker’s microhardness and electrical properties of varistor ceramics
prepared by solid state reaction having compositional
formula xMn3O4–0.5V2O5–(99.5–x) ZnO, x = 0, 0.15,
0.30, 0.50, 0.75 and 1.00 mol%, were investigated.
Both the microhardness and the sintered density of
varistor samples have decreased with increasing the
Mn3O4 content. XRD and SEM investigations show the
presence of the major ZnO wurtzite phase of
hexagonal structure and some secondary phases, such
as Zn3(VO4)2 and Mn-rich Mn3O4.
Also, the results obtained from J–E show that, all
electrical properties: breakdown field, nonlinear
coefficient, the Schottky barrier height, barrier width,
the conductivity of nonlinear region, donor
concentration and density of surface states at ZnO
grain boundaries of the samples tested are dependent
on the microstructure, i.e., on the grain size of existed
phases, mentioned above, which affect the breakdown
field. It is worth mentioning that the 99ZnO–0.5V2O5
ceramic which doped with 0.50 mol% Mn3O4 and
sintered at 900 ℃ for 5 h has exhibited optimum value
for the nonlinear coefficient (16.29), the lowest
leakage current density (0.4419 mA/cm2) and the
highest potential barrier height (0.916 eV). This shows
that the above sample can be used in the manufacture
of low-voltage varistors and multilayer components.
Open Access: This article is distributed under the terms
of the Creative Commons Attribution License which
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medium, provided the original author(s) and the source
are credited.
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